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The Rab GTPase family plays a vital role in several plant physiological processes including fruit ripening. Fruit 23 
softening during ripening involves trafficking of cell wall polymers and enzymes between cellular compartments. 24 
Mango, an economically important fruit crop, is known for its delicious taste, exotic flavour and nutritional value. 25 
So far, there is a paucity of information on the mango Rab GTPase family. In this study, 23 genes encoding Rab 26 
proteins were identified in mango by a comprehensive in silico approach. Sequence alignment and similarity tree 27 
analysis with the model plant Arabidopsis as a reference enabled the bona fide assignment of the deduced mango 28 
proteins to classify into eight subfamilies. Expression analysis by RNA-Sequencing (RNA-Seq) showed that the Rab 29 
genes were differentially expressed in ripe and unripe mangoes suggesting the involvement of vesicle trafficking 30 
during ripening. Interaction analysis showed that the proteins involved in vesicle trafficking and cell wall softening 31 
were interconnected providing further evidence of the involvement of the Rab GTPases in fruit softening. 32 
Correlation analyses showed a significant relationship between the expression level of the RabA3 and RabA4 genes 33 
and fruit firmness at the unripe stage of the mango varieties suggesting that the differences in gene expression level 34 
might be associated with the contrasting firmness of these varieties. This study will not only provide new insights 35 
into the complexity of the ripening-regulated molecular mechanism but also facilitate the identification of potential 36 
Rab GTPases to address excessive fruit softening. 37 
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1 Introduction 46 
Mango (Mangifera sp) is one of the most economically important fruits around the globe. Mango fruit is highly 47 
appreciated for its delicious taste, exotic flavour and nutritional value [1]. Fruit softening is one of the most 48 
significant quality determination in mango for consumers as it reflects ripeness [2]. However, excessive softening 49 
adversely affects the fruit quality leading to the fruits being lost from the farm even before it has reached the 50 
consumers [3]. Effort to reduce post-harvest losses can be achieved through a better understanding of the ripening 51 
process [4]. Most research efforts to alter fruit softening have been focused on genes associated with cell wall 52 
degradation during ripening. However, the process of ripening is complex and cannot be explained based on only the 53 
genes that have so far been identified. It is therefore advantageous to identify and include more genes involved in 54 
other aspects such as membrane trafficking.  55 
Fruit softening during ripening involves the production and trafficking of cell wall polymers and enzymes [5]. Using 56 
mostly reverse genetic approaches, the Rab guanosine triphosphatases (GTPases) have been found to be the primary 57 
regulator in directing traffic within endomembrane system [6].The Rab GTPase family has been found extant in all 58 
eukaryotes studied [7].  This subfamily has been extensively studied in yeasts and humans with at least 11 and 60 59 
members respectively [8]. Thus far, members of the GTPase family have been discovered in several plant species, 60 
including Arabidopsis thaliana, tomato (Solanum lycopersicum), cotton (Gossypium sp), Populus, rice, maize, grape 61 
and peach (Prunus persica) [5, 9-12]. The plant Rab GTPase family has been grouped into eight clades, namely 62 
RabA, RabB, RabC, RabD, RabE, RabF, RabG, and RabH and these have been found to have a high degree of 63 
similarity to mammalian Rab classes 11, 2, 18, 1, 8, 5, 7 and 6 respectively [8,11,13]. Each type of Rab has a 64 
characteristic distribution on organelle membranes [14]. The RabA clade is the largest of the plant Rabs and is 65 
further divided into six subgroups (RabA1 to RabA6) compared with only two Rab11 GTPases in mammals. The 66 
conserved and non-conserved regions have been shown to contribute to the localization and specific function of the 67 
Rab proteins [15]. The Rabs share several common structural features, which include the guanine nucleotide-binding 68 
domains (termed G-boxes). Multiple sequence alignment analysis revealed Rab family specific regions (termed F1-69 
F5) and Rab subfamily regions (termed SF1-3) respectively [8]. Despite the conserved nature of this gene family, 70 
great divergence exists at the hypervariable region which plays a crucial role in the specificity of membrane 71 
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association and targeting [15]. The preferential expression of the Rab genes during fruit ripening has been reported 72 
[9, 16-19]. Zainal et al. [19] carried out a pioneer investigation for the RabA sub-clade in mango fruit mesocarp and 73 
reported expression of a RabA gene in ripe fruit but not in green unripe fruit. A study by Liu et al. [16] demonstrated 74 
an increased expression of RabF during the later stages of mango fruit ripening. More notably, the RabA sub-clade 75 
provides a good illustration of how altered expression of a Rab GTPase could be used toeffect cell wall events 76 
necessary for expansion and loosening during ripening [18, 20]. For example, studies performed on green expanding 77 
tomato fruit showed that the Rab GTPases are important in determining the proportion of the different cell wall 78 
polymers when the cell wall is made [20].  79 
To date, unlike the situation prevailing in model plants such as Arabidopsis and tomato where members of the Rab 80 
GTPase family had been elucidated, a detailed analysis of this gene family in mango remains to be conducted. 81 
Currently, there are only two published Rab sequences for mango [16, 19]. Although the mango genome is not yet 82 
available, transcriptome sequencing has a great potential to identify and characterize novel genes. In this study, we 83 
identified 23 Rab genes within the mango fruit transcriptome. Subsequently, multiple sequence alignments and 84 
similarity tree analysis were performed in addition to expression analysis of selected genes in different ripening 85 
stages (unripe and ripe).This study will not only present an integrated picture of the potential functionality of Rab 86 
GTPase during mango ripening but also provide new information to support mango improvement strategies 87 
involving the Rab GTPases. 88 
2 Materials and Methods 89 
2.1 Data Mining to Retrieve Mango Rab Gene Sequences  90 
The known mango Rab gene sequences (Accession Z71276.1, KF768563) [16, 19] were used as queries to search 91 
against the mango RNA-sequencing database (http://bioinfo.bti.cornell.edu/cgi-bin/mango/index.cgi) [21] with an e-92 
value threshold of 1e-2 to identify potential mango Rab genes. Each sequence was studied individually and using 93 
default parameters. All obtained mango Rab sequences were subjected to the BLASTP search of the Arabidopsis 94 
information resource (TAIR; https://www.arabidopsis.org). This was important in order to validate the protein 95 
conserved domains and check if they represented full-length coding regions. Predicted Rab protein sequences were 96 
generated using ExPASy tool (https://web.expasy.org/translate). The number of amino acids, molecular weight and 97 
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isoelectric point (pI) of the Rabs were predicted by EMBOSS Pepstats 98 
(https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/). The predicted mango Rab proteins were assigned to 99 
subfamilies on the basis of their similarity to the sequences of Arabidopsis [11] and were named according to their 100 
closest similarity to Arabidopsis proteins. Where more than one mango Rab GTPase was present in the same sub-101 
clade, a nomenclature based on numbers was adopted [9]. 102 
2.2 Sequence and Similarity Tree Analysis  103 
Model plants Arabidopsis thaliana and tomato (Solanum lycopersicum) were used for comparative analysis. 104 
Arabidopsis thaliana Rab protein sequences were obtained from the Arabidopsis information resource (TAIR; 105 
https://www.arabidopsis.org). Members of the Rab GTPase family in tomato were identified from the Sol Genomics 106 
Network Browser (http://solgenomics.net) through BLASTP searches. Protein sequences were used for sequence 107 
and similarity analysis facilitating their classification in different families and subfamilies. The multiple sequence 108 
alignment was conducted using the software MultAlin (http://multalin.toulouse.inra.fr/multalin) [22]. A similarity 109 
tree was produced by the neighbour-joining (NJ) method [23] using the MEGA software (version 6.0) [24]. The 110 
reliability of the trees was examined using 1000 bootstrap replicates. Percentage confidence values were shown on 111 
branches. 112 
2.3 Plant material and RNA preparation 113 
Mango fruit varieties (‘Chokanan’, ‘Golden phoenix’ and ‘Water lily’) were obtained from a commercial supplier at 114 
the mature green stage. Following this, fruits were washed in running tap water, air dried and allowed to ripen at 115 
ambient temperature (25 ± 1 °C). Total RNA was isolated from the mango mesocarp tissue pulverized in liquid-116 
nitrogen. Fruits were sampled at the unripe and ripe stages, using three individual fruits per ripening stage. The 117 
stages were defined based on firmness [25]. Total RNA extraction was performed as described by Zamboni et al. 118 
[26]. These samples were subsequently treated with Qiagen RNase-free DNase1 to remove traces of genomic DNA 119 
followed by purification with an RNeasy MinElute cleanup kit (Qiagen, Germany), according to the manufacturer's 120 
instructions. The concentration and purity of the RNA quantity was determined using a NanoDrop 1000 121 
Spectrophotometer (Thermo Fisher Scientific, USA). RNA integrity was analyzed by 1.5 % agarose gel 122 
electrophoresis under denaturing conditions and with the Agilent 2100 Bioanalyser (Agilent Technologies, 123 
California, USA). Samples with 260/280, 260/230 ratios between 1.8 - 2.0 and RNA integrity number (RIN) ≥ 7.0 124 
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were used for further analysis. For RNA-Seq, equal amounts of RNA samples from the less-firm mango varieties 125 
‘Golden phoenix’ and ‘Water lily’ [25] were combined to represent the less-firm mango group. Thus, the samples 126 
for RNA-Seq comprised of two mango groups namely the ‘Chokanan’ (abbreviated as ‘CK’; firm mango group) and 127 
Pool (abbreviated as ‘P’; less-firm mango group). 128 
2.4 Gene expression analysis by RNA-Seq 129 
RNA-Seq was performed at the Novogene Genome Sequencing Company using the HiSeq 2500 platform (Illumina, 130 
San Diego, CA, USA) according to the manufacturer’s instructions with three biological replicates per sample. 131 
Briefly, 1 μg total RNA per sample was used to prepare libraries using NEBNext® Ultra™ RNA Library Prep Kit 132 
for Illumina® (NEB, USA) following the standard protocols. The raw sequence data of Fastq format were processed 133 
for various quality controls including the removal of adaptor sequences and low quality reads (i.e., those with 134 
unknown bases ‘N’ and reads having a quality score below 20). Following this, the clean reads obtained were pooled 135 
and assembled using Trinity [27] with default settings. RNA-seq by Expectation Maximization (RSEM) [28] was 136 
used to estimate the gene expression levels for each sample. The normalized gene expression values were derived 137 
using the Fragments Per Kilo base of gene per Million mapped reads (FPKM) method. In RNA-seq, FPKM is the 138 
most common method for normalization of gene expression as it eliminates the effect of gene length and sequencing 139 
depth [29]. Genes that were differentially expressed (adjusted P value < 0.05; log2 fold change (FC) > 1 or log2 fold 140 
change (FC) < -1) were identified using the DESeq package [30]. The adjusted P value is an essential measure to 141 
control the number of false discoveries in the differential gene expression analysis [31].  RNA-seq data generated 142 
from this study have been deposited in the NCBI Short Read Archive (SRA) database under the accession number 143 
PRJNA515564. 144 
2.5 RT-qPCR Analysis 145 
First strand cDNA synthesis was performed using QuantiTect® Reverse Transcription Kit (Qiagen, Germany) 146 
following the manufacturer’s instructions. For each sample, 1μg of RNA was reverse transcribed. RT-qPCR was 147 
performed using the SENSIFASTTM SYBR Kit (Bioline, UK) on a CFX ConnectTM Real-Time PCR Detection 148 
System (BioRad, USA) according to the manufacturer’s instructions. The Universal Probelibrary Assay Tool was 149 
used to design the RT-qPCR primers (amplicon length ranged from 70 to 180 bp). A differentiating assay mode was 150 
selected to design gene specific primers that uniquely identify (differentiate) each of the input gene sequences. This 151 
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was necessary especially because the targets belonged to a multigene family. This design tool would not generate 152 
primer sequences if a unique design was not identified. Primer pairs are listed in Supplementary Table S1. 153 
Furthermore, primer specificity was further confirmed by gel electrophoresis analysis of the amplicons and melting 154 
curve analysis and the amplification efficiency was carried out using the LinReg PCR software [33].The reaction 155 
mix (20 μl) contained 4 μl of diluted cDNA, 0.8 μl of each primer (10 μM), 10 μl of Master Mix, and 4.4 μl of 156 
RNase-free water. Reaction conditions were as follows: initial denaturation at 95°C for 2 min, followed by 40 cycles 157 
of 95°C for 5 sand 60°C for 30 s. All experiments were performed with three biological replicates for each sample 158 
and three technical replicates of each biological replicate. Average amplification efficiency for each amplicon was 159 
calculated using the LinRegPCR software [32]. Normalization was carried out with Actin and Ubiquitin genes based 160 
on the RefFinder tool [33], and the relative expression level was calculated using the 2−ΔΔCT method [34]. Statistical 161 
analysis was performed using the GENSTAT (18th edition) software. To compare the results for mean values of 162 
relative gene expression levels, one way analysis of variance (ANOVA) was used. Means were separated using 163 
Duncan’s Multiple Range Test (DMRT; P < 0.05). Correlation analysis was carried out using JMP software version 164 
8.0 (SAS Institute Inc., Cary, NC, USA). All data are presented as mean values ± standard error (SE).  165 
2.6 Protein-Protein Interaction Analysis   166 
A protein-protein interaction analysis was performed using the Search Tool for the Retrieval of Interacting 167 
Genes/Proteins (STRING, version 10.5; https://string-db.org/) [35]. This web-based tool identifies known and 168 
predicted protein associations based on the integrated information from numerous sources including high throughput 169 
experimental data, curated databases, co-expression data and public text mining [36]. Using default parameters, 170 
DEGs associated with softening and vesicle trafficking were used as inputs to understand the functional association 171 
of Rabs with fruit softening. A BLAST search against the Arabidopsis thaliana proteins was lodged in the STRING 172 
database. ‘Nodes’ in the network represent the proteins and each pairwise protein interaction, referred to as an 173 
‘edge’. 174 
3 Results  175 
3.1.1 Identification of the Rab GTPase Family   176 
More than fifty sequences were identified that displayed similarity to the known mango Rab gene sequences. Each 177 
sequence was used to carry out a BLAST search against the Arabidopsis information resource 178 
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(https://www.arabidopsis.org) to further confirm its identity. After filtering for redundancy, a total of twenty-three 179 
genes with complete coding regions were retrieved. The most abundant were the RabA GTPases (12 in total) 180 
correlating with their relative abundance in other plant species such as Arabidopsis, tomato, wheat and grape 181 
amongst others. The mango Rabs were named according to their sequence similarity to the Rabs from Arabidopsis. 182 
A full list of the mango Rab GTPases identified in this study is presented together with the closest corresponding 183 
Arabidopsis genes (Table 1). A nomenclature based on numbers was adopted (RabA1-1, RabA1-2 etc.) to avoid 184 
misleading identification of putative mango genes orthologous to Arabidopsis Rab GTPases. This was important 185 
because while alignment of two RabA sequences showed differences at the amino acid level, they both showed 186 
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RabA1-1 222 24.61 4.99 AtRABA1a At1g06400 
RabA1-2 217 24.15 5.38 AtRABA1f At5g60860 
RabA1-3 217 24.02 5.79 AtRABA1c At5g45750 
RabA1-4 217 24.08 5.73 AtRABA1f At5g60860 
RabA2-1 215 23.70 7.35 AtRABA2a At1g09630 
RabA2-2 220 24.15 6.25 AtRABA2b At1g07410 
RabA3 239 26.91 5.05 AtRABA3 At1g01200 
RabA4-1 224 24.92 6.72 AtRABA4a At5g65270 
RabA4-2 227 25.07 5.14 AtRABA4c At5g47960 
RabA5-1 217 24.42 5.78 AtRABA5a At5g47520 
RabA5-2 218 24.28 4.87 AtRABA5c At2g43130 
RabA6 221 25.24 4.91 AtRABA6b At1g18200 
RabB 211 23.20 7.32 AtRABB1b At4g35860 
RabC 211 23.36 6.46 AtRABC1 At1g43890 
RabD-1 202 22.60 5.95 AtRABD2c At4g17530 
RabD-2 203 22.57 4.86 AtRABD2a At1g02130 
RabE-1 216 23.90 8.23 AtRABE1a At3g46060 
RabE-2 203 22.77 9.71 AtRABE1e At3g09900 
RabF-1 200 21.84 7.13 AtRABF1 At3g54840 
RabF-2 182 20.48 8.91 AtRABF2a At5g45130 
RabF-3 200 21.84 6.64 AtRABF2a At5g45130 
RabG 181 20.43 4.64 AtRABG3a At4g09720 
RabH 208 23.15 7.76 AtRABH1b At2g44610 
Table 1 





3.1.2 Sequence Comparison and Similarity Analysis 211 
Multiple sequence alignments carried out with the deduced amino acid sequences of mango putative Rab GTPases 212 
aided the identification of family- and subfamily- specific regions, and further supported their assignment to a 213 
specific subgroup (Figure 1). Published mango Rab sequences were included for reference purposes. The Rab 214 
sequences obtained in this study contained the conserved GTPase regions (G1-G5) present in all members of the Ras 215 
superfamily. The presence of the amino acid stretches (termed F1–F5) which are diagnostic for Rab family members 216 
as described by Pereira-Leal and Seabra [8] was also observed. In addition, the C-terminal region containing the 217 
hypervariable region and the cysteine motif could be seen in the Rab GTPases. The Rab sequences obtained from 218 
the model plants Arabidopsis and tomato have been well characterized and thus were used as references. Rab 219 
sequences representing at least one member of each subclass from Arabidopsis and tomato were selected for 220 
analysis. This study allowed the investigation of the relationships between the Rab GTPases from different plant 221 
species. Examination of the resulting tree (Figure 2) indicated that the mango Rabs can be grouped into eight 222 
subgroups according to their homologs in Arabidopsis and tomato.  The grouping of the Rab members suggests 223 
similar functions in these plant species. It was observed that half of the mango Rabs (12) belonged to the RabA 224 
group in six distinct subtypes (1-6). The other remaining eleven mango Rab members were distributed among seven 225 
other groups, with three RabF members, two RabD and E members, and one member in RabB, RabC RabG and 226 


















Alignment of amino sequences from mango Rab sequences. Published Rabs on NCBI were included 
for reference. Conserved motifs named ‘G box’ sequences are identified and boxed with rectangles 
(G1, G2, G3, G4, and G5) (according to Jiang and Ramachandran [37]. Residues highlighted in black 
indicate 100% similarity in all sequences. HVR, hypervariable region. Rab -family (F) and -subfamily 
(SF) regions (defined according to Pereira-Leal and Seabra [8] are indicated by black and red arrows 
respectively. High and low consensus sequences are shown in blue and red colours respectively. 






3.1.3 Expression Profiling of the Rab GTPases during Ripening 244 
The analysis of gene expression profiles provides useful insights towards gene function prediction [10]. To explore 245 
the potential roles of mango Rabs in ripening, the RNA-seq data generated from the mango groups (refer to 246 
Materials and Methods) was used to analyze their expression patterns. In this study, a stringent value of adjusted P 247 
value < 0.05; log2 fold change (FC) > 1 or < -1 as threshold was employed to identify significant differences in gene 248 
expression between the unripe and ripe stages. Thus, Tables 2-4 enlist the Rab genes that satisfied the criteria for 249 
differential expression in the pair-wise comparisons of samples. As observed, differentially expressed Rab genes 250 
were found in the ‘CK’ (Table 2) and ‘P’ (Table 3) groups respectively. In addition, the Rab genes were also found 251 
to be expressed differentially between mango groups at the unripe (Table 4) and ripe (Table 5) stages respectively. 252 
This finding indicates that membrane trafficking is essential in the mango ripening process. The genes identified 253 
Fig. 2  
Similarity tree of the mango Rabs and selected members from Arabidopsis and tomato. 
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belonged to the subclasses RabA, RabC, RabD, RabE and RabF indicating that at least some members of the Rab 254 
GTPases play major roles in secretion and/or recycling events during mango ripening process. A total of seven 255 
differentially expressed Rab genes were obtained in the ‘CK’ group. Out of these, two genes encoding RabA4 and 256 
RabE respectively were strongly expressed in the ripe stage while other genes showed an opposite trend. On the 257 
other hand, ten Rab genes were differentially expressed between the ripening stages of ‘P’ group. Out of these, one 258 
RabC gene and five RabA genes were strongly expressed in the unripe sample whereas other genes showed the 259 
opposite trend. Nevertheless, most of the RabA genes in both mango groups displayed higher expression levels at the 260 
unripe than at the ripe stage.   261 
Going further, pairwise comparison of the mango groups at either the unripe or ripe stage showed that most genes 262 
were up-regulated in the ‘P’ group as compared to the ‘CK’ group. Of the twelve Rab genes found to be expressed 263 
differentially between the mango groups at the unripe stage, eight encoded the RabA GTPase with RabA2, RabA3 264 
genes being strongly expressed in the ‘P’ group. At the ripe stage, a higher expression level of the RabA3, RabC, 265 
RabD and RabE genes was also observed in the ‘P’ group compared to the ‘CK’. The RabA subfamily (RabA1, 266 
RabA2, RabA3 and RabA4) have been previously ascribed functions in plant cell wall dynamics [38] and as such, 267 














 Table 2  280 
Rab genes expressed differentially between the unripe (UR) and ripe (R) stages of the Chokanan (‘CK’) group 281 


















FC, fold change; Up and down indicates that the expression level of the ripe stage is higher and lower than that of 300 





















Cluster27569.55949 RabE-1 3.08 4.95E-05 up At3g46060 
Cluster27569.94833 RabA4-1 -2.62 0.0002 up At5g65270 
Cluster27569.53557 RabA2-2 -3.17 0.0329 down At1g07410 
Cluster27569.100367 RabA4-2 -2.08 0.0374 down At5g47960 
Cluster27569.106190 Rab C -3.68 1.42E-06 down        At1g43890 











FC, fold change; Up and down indicates that the expression level of the ripe stage is higher and lower than that of 313 























  Cluster-27569.39793 RabA5-2 -1.91 0.0003 down AtRABA5c 
Cluster- 27569.39791 RabA5-1 -2.25 0.0002 down AtRABA5a 
  Cluster-27569.69569 RabA1-1 -2.00 0.0008 down AtRABA1a 
Cluster-27569.53557 RabA2-2 -2.04 0.0043 down AtRABA2b 
Cluster-27569.22080 RabC -4.55 0.0016 down AtRABC1 
Cluster- 27569.83684 RabA1-1 1.51 0.0426 up AtRABA1a 
  Cluster-27569.60513 RabA5-2 1.42 0.0349 up AtRABA5c 
Cluster-27569.73649 RabC 1.68 0.0065 up AtRABC1 
Cluster-27569.65261 RabF-3 1.49 0.0107 up AtRABF2a 
Table 3 
Rab genes expressed differentially between the unripe (UR) and ripe (R) stages of the Pool (‘P’) group 






















      Cluster-27569.60513 RabA5-2 -2.83 6.20E-10 down AtRABA5c 
Cluster-27569.69570 RabA1-1 -1.46 0.0014 down AtRABA1a 
Table 4 





FC, fold change; Up and down indicates that the expression level in the unripe stage of the Pool group (PUR) is 323 
higher and lower than that in CK (CKUR). ‘P’, Pool mango group; ‘CK’, Chokanan mango group. The DEGs were 324 







Cluster-27569.50830 RabA1-4 -1.29 0.0107 down AtRABA1f 
Cluster-27569.83684 RabA1-1 -1.57 0.0127 down AtRABA1a 
Cluster-27569.24125 RabA3 2.08 0.0007 up AtRABA3 
Cluster-27569.72659 RabA2-1 1.18 0.0182 up AtRABA2a 
Cluster-27569.53557 RabA2-2 1.45 0.0405 up AtRABA2b 
Cluster-27569.61122 RabE-1 4.39 1.47E-15 up AtRABE1a 
Cluster-27569.73649 RabC 5.45 2.38E-12 up AtRABC1 
Cluster-27569.62477 RabD-2 5.67 1.11E-09 up AtRABD2a 
Cluster-27569.78912 RabC 1.61 0.0012 up AtRABC1 
     Gene_ID Gene name log2FC Adjusted P 
value 














Cluster-27569.24125 RabA3 1.87 0.0185 up AtRABA3 
Table 5  






FC, fold change; Up and down indicates that the expression level in the ripe stage of the Pool group (PR) is higher 334 
and lower than that in CK (CKR). ‘P’, Pool mango group; ‘CK’, ‘Chokanan’ mango group. The DEGs were defined 335 
by the criteria of adjusted P value < 0.05; log2FC > 1 or log2FC< -1. Inf, infinite (used when there is a zero 336 











3.1.4 The Relationship between Gene Expression Level and Fruit Firmness  348 
Based on the transcriptome analysis, the RabA genes were selected for further verification through qRT-PCR 349 
analysis in the varieties, ‘Chokanan’ (CK), ‘Golden phoenix’ (GP) and ‘Water lily’ (WL). Comparative expression 350 
analysis by RT-qPCR was used to further confirm the contributions of the RabA GTPases to contrasting mango pulp 351 
firmness. It is worth pointing out that the firmness data of these varieties has been published elsewhere [25]. The 352 
study showed that the Chokanan ‘CK’ variety was firmer than ‘Golden phoenix’ (GP) and ‘Water lily’ (WL). The 353 
‘CK’ sample was arbitrarily chosen as a calibrator for the calculation of the relative expression ratio of each RabA 354 
gene. The expression level of the calibrator was set at 1.00 and the expression levels of the target genes in ‘GP’ and 355 
‘WL’ were compared against it respectively. At the unripe stage, the expression levels of RabA1-2 and RabA3 genes 356 
   Cluster-27569.73649 RabC 6.11 1.18E-12 up AtRABC1 
Cluster-27569.50830 RabA1-2 -1.68 0.0383 down AtRABA1f 
Cluster-27569.69569 RabA1-1 -1.90 0.0407 down AtRABA1a 
Cluster- 27569.61122 RabE-1 4.15 3.72E-08 up  AtRABE1a 
Cluster- 27569.62477 RabD-2 Inf 9.87E-08 up AtRABD2a 
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were lower in ‘CK’ as compared to other varieties (Figure 3). On the other hand, the expression level of RabA2 was 357 
found to be similar in ‘CK’ and ‘WL’ while RabA1-1 and RabA4 expression levels showed no significant 358 
differences among the varieties (P > 0.05). A comparison of the expression levels of the tested RabA genes in the 359 
ripe stage (Figure 4) revealed similar tendency as observed in the unripe stage. Correlation analysis between Rab 360 
gene expression and pulp firmness of the mango varieties was performed. Supplementary Table S2 shows the 361 
relationship between pulp firmness of all varieties at the unripe stage. A non-significant (P > 0.05) negative 362 
correlation with pulp firmness was observed for RabA1-1 (r = -0.074), RabA1-2 (r = -0.962) and RabA2 (r = -0.784) 363 
respectively. Conversely, significant negative correlations of pulp firmness with expression levels of RabA3 (r = -364 
0.998, P = 0.043) and RabA4 (r = -0.999, P < 0.01) genes was observed. Although negative correlations were found 365 
between RabA1-2, RabA2 and RabA3 gene expression levels and pulp firmness at the ripe stage (Supplementary 366 
Table S3) albeit to a lesser extent compared to the unripe stage, these were not significant (P > 0.05 in all cases).  367 
Taken together, the result suggests that RabA3 and RabA4 may play an important role in the contrasting firmness of 368 
the mango varieties at the early stages of ripening. 369 
3.1.5 Protein-Protein Interaction (PPI) Analysis  370 
A Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database was used to reveal how 371 
differentially expressed Rab proteins interact with each other. This web-based database generates interaction 372 
networks based on known and predicted PPI [35]. In this network, nodes represent proteins and the edges (lines with 373 
different colours) between the nodes indicate the types of evidence supporting the association. The protein network 374 
resulting from STRING analysis is provided in Figure 5. The inputs for this analysis were the Rab proteins and the 375 
well-characterized cell wall softening proteins (polygalacturonase, pectinesterase and endoglucanase). As observed, 376 
several other related enzymes such as xylanase, laccase, callose synthase (GSL05) and xylosidase (XYL1) involved 377 
in cell wall biosynthesis and degradation respectively were found to be interacting partners with polygalacturonase, 378 
pectinesterase and endoglucanase in the network. Furthermore, from the cluster of Rab proteins, RabA1 was 379 
observed to interact with polygalacturonase (PGA4) whereas RabA4 protein was associated with callose synthase 380 
(GSL05). In addition, Rab-GDP dissociation inhibitor (GDI2) and syntaxin (SYP125) were also observed to interact 381 
with Rab GTPases respectively. This indicates the combined efforts of various components within the secretory 382 








































Coloured nodes represent proteins whereas different colour of lines represents the types of evidence (depicted by the 411 
colour legend) for the association. Nodes represent proteins and are labelled according to their corresponding gene 412 
ID or gene symbols if present in TAIR. A complete list of the proteins within this network is provided in 413 











Protein network generated by STRING (v 10.0) for selected differentially expressed genes associated with fruit 




4 Discussion 424 
The Rab GTPase family has been studied extensively in various plants. The advent of next generation sequencing in 425 
recent years has provided a gateway to identify several genes for non-model plants such as mango. Comparative 426 
analysis is a powerful technique because information from well-studied groups can help guide less well-studied 427 
groups [39]. Rabs have been a model for this approach due to the high sequence conservation [40, 41]. The 428 
nomenclature used in this work is that defined in Pereira-Leal and Seabra [8]. The 23 Rabs found in this study might 429 
represent the total number expressed in fruit, though it is likely that this number only represents a portion of the total 430 
number of actual genes in mango. It is however smaller than the 57 Rab GTPases found in Arabidopsis [11], 87 in 431 
cotton [10] and 94 in soybean [40] but comparable to the 24 Rab GTPases in peach [9] and 26 in grape [9]. The 432 
higher number of genes might be due to additional duplication events in some plant species [42]. For instance, the 433 
comparative analysis of cotton and grape genomes revealed duplication events that were specific to the cotton 434 
lineage [43]. On the other hand, it is possible that the reduced number of genes found in grape and/or peach might 435 
have been due to gene loss during evolution [44, 45].  436 
Nevertheless, the number of Rabs found in mango might also be due to the fact that the Rab sequences were 437 
retrieved from a fruit transcriptome dataset only. Future sequencing projects from other plant tissues will likely 438 
permit the identification of more Rab GTPases.   439 
Similarity tree analyses showed the grouping of the Rab GTPases into subfamilies on the basis of their localization 440 
and/or function in trafficking [8]. Analyses of sequence similarities and of the presence of specific family and 441 
subfamily conserved motifs in their sequence allowed the identification of the closest homologues from Arabidopsis 442 
and the assignment of these sequences to members of the Rab family. The Rab sequences do not cluster in a species 443 
specific manner but rather within subfamilies supporting the findings of previous authors [41, 46]. According to 444 
these authors, it can be speculated that the members of the same cluster display similar functions. Within the mango 445 
Rab GTPase family, the predominant subgroup was the RabA subclade which included twelve RabA members. This 446 
is consistent with the significant expansion of the RabA group in plants [13]. All identified Rabs shared the typical 447 
conserved G-domains involved in binding and generally the double-cysteine motif in the C terminus [8]. These 448 
conserved regions offer opportunities for designing degenerate primers to facilitate gene isolation in other plant 449 
species with less information. An important feature of the Rab family is that Rab orthologues tend to perform similar 450 
functions even in divergent taxa [47]. Thus, according to the function of the Rab GTPases reported in plants such as 451 
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Arabidopsis and tomato [18, 48, 49], the possible functions of the mango Rab GTPases can be inferred based on the 452 
grouping of the Rab GTPase members observed from the plant species. Reverse genetic approaches on tomato fruits 453 
[18] have established the importance of vesicle trafficking in fruit ripening. Vesicle trafficking or the flow of 454 
membrane material between the endomembrane compartments is essential for the transport of proteins and 455 
polysaccharides to various destinations inside and outside of the cell [5]. Changes in the deposition of cell wall 456 
material during ripening require transport reflected by the differentially expressed Rab genes. Several classes of the 457 
Rab GTPases (RabA, Rab C, RabD, Rab E and Rab F) were detected and therefore may participate in secretion 458 
and/or endocytosis [14, 50] during mango ripening.A mixed expression pattern (up-regulated or down-regulated) 459 
was observed during the ripening of the mango groups (‘CK’ and P group respectively) in agreement with previous 460 
studies [9, 18, 19]. A mixed gene expression (down-regulation and up-regulation) suggests that these genes play 461 
roles in fruit development and ripening [51]. Lu et al. [18] found that the rabA tomato mutant maintained a higher 462 
firmness than its wild type. This result contrasts with the findings of the present study as the firm mango group 463 
(‘CK’) exhibited a higher level of RabA1 gene transcript than the less-firm mango group (‘P’) at either the unripe or 464 
ripe stage. Lunn et al. [20] has shown that in tomato, the RabA1 gene is more highly expressed in the mature green 465 
fruit than in the ripe fruit and even more strongly in the developing fruit. Thus, it is possible that a peak expression 466 
of the RabA gene in the ‘P’ group compared to the ‘CK’ group might have occurred earlier in the developmental 467 
stages not included in the study. It is also possible that different fruits may have adapted different ways to bring 468 
about fruit softening [52] as variation in cell wall changes between mango and tomato has been reported [53]. A 469 
study on Arabidopsis has shown that the RabA1, RabA2, RabA3 and RabA4 GTPases impact the pectin, cellulose, 470 
lignin and hemicellulose content of the cell wall respectively [38, 54]. Lunn et al. [55] went further to assess the 471 
effect of the RabA GTPase-deficient Arabidopsis mutant lines on cell wall digestion. These authors found out that 472 
the cell wall of the RabA4 mutants with reduced hemicellulose levels displayed increased susceptibility to 473 
enzymatic breakdown. Meanwhile, RabA3 mutant lines which had raised level of lignin exhibited a reduction in 474 
enzyme degradation compared to the wild type. Lignin is an important component of the plant cell wall and its 475 
biosynthesis has been studied in fruits such as mangosteen [56] and peach [57]. Notably, high levels of lignin have 476 
been reported to be associated with increased fruit firmness in mangosteen [56], loquat [58] and pear [57]. 477 
Moreover, Salentijn et al. [59] mentioned that the contrasting firmness of strawberry varieties could be related to the 478 
lignin level as well as its composition. In the present study, same stage comparison between the ‘CK’ and ‘P’ groups 479 
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revealed a higher expression level of the RabA3 gene in the ‘P’ group. Based on the previous reports, it is possible 480 
that the high expression level of RabA3 observed in the ‘P’ group may have led to a reduction in lignin level and/or 481 
altered its composition leading to an increased susceptibility to enzymatic degradation and consequently increased 482 
loss in pulp firmness. Taken together, the differences in the level of RabA gene expression observed in the mango 483 
groups investigated would support the notion that the differential softening rate could be related to the variation in 484 
cell wall composition.   485 
The present study represents one of the few studies linking the RabC GTPase subfamily to fruit ripening. The genes 486 
encoding the RabC GTPase showed a mixed expression (up-regulation and down-regulation) during the ripening of 487 
the mango group suggesting their roles in the development and ripening. The expression of RabC gene has also been 488 
shown to be regulated by dehydration and salinity [60]. The RabC gene strongly expressed in the unripe fruit may 489 
have been due to pre-harvest stresses such as exposure to sun light and pesticides while on the tree [61]. Taking this 490 
into account, the RabC genes strongly expressed in the ripe fruit may be required to prevent cell damage in some 491 
way. 492 
The Rab GTPases of the D subclade mediate ER to Golgi trafficking steps in plants [61]. Comparison between the 493 
‘CK’ and the ‘P’ group at the same ripening stage (unripe or ripe stage) revealed significantly higher levels in the 494 
‘P’ group. Evidence from wheat has shown that transgenic lines with down-regulated RabD gene resulted in grains 495 
with altered bread making quality [46]. These authors suggested that the reduced bread making quality observed in 496 
the transgenic grains might have been due to the altered trafficking of the gluten proteins. In addition, Loraine et al. 497 
[17] found that the RabD genes were expressed at the breaker stage of ripening progressed of tomato fruit which is a 498 
stage when polygalacturonase is secreted strongly. This is consistent with the role of the Rab GTPase in increased 499 
synthesis and trafficking of cell wall modifying enzymes. Taking this into consideration, the up regulated RabD 500 
gene observed may have contributed to an increased trafficking of cell wall cargos in the ‘P’ group which might 501 
have led to an increased pulp softening compared to the ‘CK’ group.  502 
The Rab GTPases of the E subclade mediate trafficking from the Golgi to PM [62]. The RabE genes have been 503 
reported to be expressed in fruits such as peach [9], grape [9] and apple [63]. Comparing the ripening stages of the 504 
mango groups, the RabE genes displayed a mixed expression (up-regulation and down-regulation) in the ‘CK’ 505 
group. However, no RabE gene was found to be expressed differentially in the ‘P’ group. An explanation for this 506 
may be due to the differences in the timing of gene expression [64]. It is possible that expression level may have 507 
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been very high and/or low during the pre-harvest or mid-ripe stages of the ‘P’ group which was not included in this 508 
study.  509 
Studies using the loss-of-function mutation in Arabidopsis have established the role of RabF GTPases in vacuolar 510 
trafficking [65, 66]. The RabF gene was found to be up-regulated during the ripening of the ‘P’ group consistent 511 
with the findings of ‘Siji’ mango [16]. However, none was expressed differentially during the ripening of the ‘CK’ 512 
group. One possible reason could be due to the timing of gene expression [64]. It is also possible that this gene may 513 
have been induced in the ‘P’ group due to the stress-related events [16] associated with its fast ripening [25]. 514 
Altogether, the comparative analysis of expression has revealed the differential gene expression profile between the 515 
ripening stages for a mango group or between the same ripening stages of the mango groups. This finding suggests 516 
that the variability of ripening-related quality of the mango groups [25] could be, at least in part, due to the 517 
differences in the level of the Rab gene expression. In support of this, differential expression analyses of ripening 518 
associated genes in fruit varieties of watermelon [67], orange [68] and strawberry [59] have also shown stage- 519 
and/or variety-dependent expression profiles.  520 
Proteins do not act alone but in association with other proteins which is essential for the biological processes that 521 
occur in the cell [69]. Molecular interactions play a key role in predicting the function of a protein and the biological 522 
processes the protein is associated with [70]. This bioinformatics approach using STRING 10.0 allowed the 523 
identification and interaction of the proteins related to cell wall metabolism and vesicle trafficking. Clusters of 524 
proteins identified were observed to be linked suggesting that these proteins often act in cooperation with each other 525 
[35]. For instance, the Rab GDP dissociation inhibitor (GDI) retrieves the GDP-bound Rab GTPases from the target 526 
membranes after a vesicular transport from the donor to acceptor membrane. Also, the Rab GTPases depend on 527 
specific binding to the correct syntaxin to mediate the docking and fusion of vesicles with the correct target 528 
membranes. A RabA was discovered because of its strong expression in mango fruit [19] and its tomato orthologue, 529 
which was shown to be required for fruit softening [18], seems to interact specifically with the syntaxins SYP122 530 
rather than SYP121  [71]. Meanwhile, when localized in the cell wall, the pectinesterase (PE) modifies the pectins to 531 
make them more accessible for degradation by polygalacturonase (PG) [51]. Taken together, the protein-protein 532 
interaction analysis has indicated the synergistic action between several cell wall-related enzymes and more 533 
importantly strengthens the involvement of Rab GTPases in cell wall biosynthesis and modification. 534 
The expression levels of the RabA3 and RabA4 genes were found to be significantly negatively correlated with 535 
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differences in fruit firmness among the three mango varieties ‘Chokanan’, ‘Golden phoenix’ and ‘Water lily’ in the 536 
unripe stage. The significant correlation of gene expression and fruit firmness at the unripe stage suggests that 537 
changes in cell wall composition leading to varietal differences in softening may have occurred early during mango 538 
fruit development. In this respect, differences in gene expression level among mango varieties would correlate most 539 
strongly and significantly with differences in softening at the developmental phase. This is supported by Ng et al. 540 
[72] who demonstrated that the variable rates of softening in apple varieties manifested in the early stages of fruit 541 
development. Additionally, in a study by Lunn et al. [20] the really high level of expression of the RabA1a  gene 542 
was during the expansion of immature fruit which is the stage at which pectin is being laid down in the cell wall and 543 
these authors showed that there were significant differences in pectin content when gene expression was inhibited. 544 
5 Conclusion 545 
An investigation of the Rab GTPase family in mango has been successfully carried out for the first time in the 546 
current study. This is a starting point towards facilitating our understanding of the involvement of the Rab GTPases 547 
in mango fruit ripening. Mining of the publicly available mango RNA-seq database allowed for the retrieval of these 548 
sequences. Sequence comparison and similarity tree analysis of the mango Rab GTPases with Arabidopsis and 549 
tomato as references allowed their identification and assignment into specific subgroups. The study indicated that 550 
the Rab GTPases are conserved within subgroups rather than within species which might indicate shared putative 551 
functions. This has provided insights into the possible functional diversity of the mango Rab GTPase family. The 552 
expression profile of the Rab GTPasefamily suggests their potential function in mango ripening, as previously 553 
documented in other mango varieties and fruits including grape, peach and tomato. The relationship between pulp 554 
firmness and the RabA gene expression in the mango varieties has been obtained thus providing evidence for the 555 
importance of trafficking in fruit softening. The information obtained, although correlative in nature, indicates that 556 
the trafficking of cell wall polymers and modifying enzymes might be associated with contrasting firmness in 557 
mango varieties. Nevertheless, these findings, together with the direct experimental evidence of some Rabs in plants, 558 
indicate that Rab GTPases are of great importance for crop improvement. In particular, RabA3 may be considered an 559 
interesting gene for addressing the excessive softening of mango fruit although a larger sample size and more 560 
experimentation will be needed for further confirmation. This comprehensive study serves to facilitate our 561 
understanding of Rab GTPase in association with fruit ripening, provides a reference for Rab GTPase family 562 
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